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The goals of this study were to evaluate the ability of a nonlinear optimization tool to provide
solutions for maintaining consistent qualities of diets irrespective of the plane of nutrition ðLÞ
and to evaluate the effect of the plane of nutrition on intake and digestibility of dry matter
ðDMÞ, organic matter ðOMÞ, crude protein ðCPÞ, crude fat ðCFÞ, non fibrous carbohydrates
ðNFCÞ, neutral detergent fiber ðNDFÞ, and metabolizability ðqmÞ of diets using sheep as a
generalized experimental model. Eight wethers were randomly assigned to two balanced
four-treatment Latin squares conducted simultaneously with four diets providing nutritional
levels that were multiples of maintenance levels (ME¼Mm; 1:5Mm; 2Mm; and 2:5Mm , where
ME is the metabolizable energy intake, and Mm is the metabolizable energy intake for
maintenance). The ME, Mm , metabolizable protein ðMPÞ and NDF of the diet were subjected
to nonlinear constraints; the model was considered a general nonlinear programming
problem and solved using Microsoft Excel Solvers with Newton's method of resolution.
The intake of nutrients, digestible nutrients, digestible energy ðDEÞ and the amounts of feces
and urine produced daily were measured and analyzed statistically by fitting a linear mixed
model. The corrected metabolizability (qm0 ) and plane of nutrition (Lc) were obtained on the
basis of the digestible, urinary, and simulated methane losses. The trends of some variables
were reanalyzed by regressing observed values against Lc . All measured variables were
affected by L. The intakes of DM and OM increased in an asymptotic fashion as Lc increased,
whereas the intake of NDF increased linearly as Lc increased. At levels immediately below
maintenance, observed values were approximately constant. Digestible amounts of OM, DE,
CF, and CP consumed increased linearly at levels above maintenance, whereas the digestible
amounts of total carbohydrates, neutral detergent solubles, and ashes increased in an
asymptotic fashion. Under conditions of controlled feeding, the nonlinear optimization tool
yielded dietary solutions with a nearly constant metabolizability in which the rate of increase
in crude protein, digestible crude protein, and digestible energy intakes remained constant as
the plane of nutrition increased.
& 2013 Elsevier B.V. All rights reserved.ll rights reserved.
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Minimum cost formulations based on linear program-
ming have been used as practical tools for feeding farm
ruminants (AFRC, 1993). However, the modern ruminant
dietary models are essentially nonlinear for many variables
(Hertzler, 1988). Because of the work of Lasdon et al. (1978)
who presented a generalized reduced gradient code for
nonlinear programming, and as computer hardware and
software powers increase and personal computers and
commercial spreadsheets are disseminated worldwide, it
has become possible to program the nonlinear optimization
of diets based on current feeding systems on an ad hoc basis.
Complex models relating nutrient requirements and feed
nutritive values have been professionally programmed using
nonlinear optimization and are currently available for spe-
cific farm ruminant species (Tedeschi et al., 2008). None-
theless, professionally programmed software offers few or no
opportunity to the user for modifying the algorithm of
resolution, whereas in ad hoc programmed spreadsheet the
user can exploit the benefit of pooling information from
different models. There is no doubt that the spreadsheet
solution is a more tedious programming tool than profes-
sionally programmed software, but spreadsheets are widely
available and the building of the constraints is a simple and
logical programming task.
In spite of the progress made in the quantitative
description of diets for ruminants by means of nutritional
models, there are systematic errors in these models
related to the digestibility and the nutritive value of diets;
therefore, further refinements of these models are needed
(Joyce et al., 1975; Offner and Sauvant, 2004; Vieira et al.,
2008). The constraints related to fiber intake capacity and
the required minimum amount of fiber must be incorporated
into current feeding systems along with energy and protein
constraints (Vieira et al., 2008; Henrique et al., 2011).
Obviously, studies must include measurements to evaluate
performance predictions (Henrique et al., 2005; 2011;
Joyce et al., 1975; Tedeschi et al., 2008; 2012), but little
information can be drawn from such studies on systematic
errors related to the digestibility of nutrients. The observed
data gathered under controlled feeding experiments may be
useful in detecting anomalies in trends describing intake and
digestibility. Therefore, describing the trends in nutrient
intake and digestibility is the first step in evaluating whether
these variables behave according to the underlying theories
uponwhichmodels such as the AFRC (1993) were built. In this
context, our goal was to evaluate the trends in intake and
digestibility of major nutrients in sheep fed minimum-cost
diets formulated at multiple maintenance levels with constant
metabolizability by means of a nonlinear optimization tool for
personal computers.
2. Material and methods
Replicated balanced four-treatments Latin squares
(Lucas, 1957) were conducted simultaneously from April
12th to July 8th of 2011. Treatments consisted of four
planes of nutrition ðLÞ that provided nutrition levels that
were multiples of maintenance levels, i.e, L¼ME=Mm as
defined in the AFRC (1993). The metabolizable energysupplied by the diet and the metabolizable energy required
for maintenance corresponded to ME and Mm (MJ/d),
respectively. The four levels were planned as follows:
ME¼Mm; ME¼ 1:5Mm; ME¼ 2Mm; and ME¼ 2:5Mm.
2.1. Animals, feeding, and duration of the experiment
Eight F1 Dorper Santa Inês wethers weighing
approximately 38.7 kg (standard deviation¼2.8 kg) at the
beginning of the experiment were randomly assigned to
columns in the Latin squares. Animals were dewormed
and kept individually in metabolism cages with free access
to water and fed the experimental diets accordingly during
the course of the experiment.
Wethers were harnessed with fecal collection bags
throughout the four periods of the simultaneous Latin
squares. The periods lasted 22 d and were divided into an
adaptation period of 15 d and a collection period of seven
days. Feed offered and refused (orts), feces, and urine were
collected on a daily basis during the collection period. Animals
were fed twice at 8:00am and 4:00pm, and orts were
collected before each meal. Feces were collected at 9:00am
during the collection period. The weights of the animals were
recorded on the first and 22nd days, and an average weight
was computed for each treatment animalperiod combi-
nation. After collection, daily samples were composited
accordingly. Urine was allowed to drain into 5000mL plastic
pots containing 50 mL of 1.2 M HCl, and collected, weighed,
and sampled twice a day (morning and evening). The fresh
weights of the offered and refused diets, feces, and urine were
recorded to the nearest 0.005 kg.
2.2. Formulating the experimental diets
The maintenance requirements of the sheep were
computed according to AFRC (1993). The problem of
formulating different diets that could provide nutritional
levels that were multiples of maintenance levels was
addressed by treating the model as a general nonlinear
programming problem. The problem was programmed
using Microsoft Excel Solvers with Newton's method of
resolution (Lasdon et al., 1978). The objective function is
shown in Eq. (1), which contains the individual costs
ðcj, $=kgÞ of an unknown quantity xj of the j-th feedstuff
(as fed, kg/d). The constraints are shown in Eqs. (2)–(10).
min∑
j
cjxj; subjected to ð1Þ
L¼ 1; 1:5; 2; or 2:5 ð2Þ
ΔWZ0 ð3Þ
qm ¼ 0:55 ð4Þ
0rUrear0:4 g=ðd kgÞ ð5Þ
ME¼ LMm ð6Þ
MP ¼ 6:5LMm ð7Þ
½peNDFZ200 ð8Þ
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The plane of nutrition was planned ðLÞ as shown in Eq. (2)
and a solution was obtained for each planned value of L.
The daily liveweight gain ðΔW , g=dÞwas set to vary loosely.
The metabolizability of the diet ðqm ¼ ME½ =18:8, dimen-
sionless) was held constant for all planned values of L
(Eq. (4)). The metabolizable energy of the diet (MJ/kg) was
computed as follows: ½ME ¼ ð∑
j
½DMj½MEjxjÞ=ð∑
j
½DMjxjÞ.
The amount of offered dry matter ðODM, kg=dÞ was
computed as ∑
j
0:001½DMjxj. The metabolizable energy
provided by the offered diet ðME, MJ=dÞ was equal to
∑
j
0:001½DMj½MEjxj. The dry matter (½DMj, g/kg as fed),
the metabolizable energy (½MEj, MJ=kg DMÞ contents,
other chemical constituents of the j-th feedstuffs used as
inputs to the problem, and the daily amounts xj offered are
shown in Table 1. The tabular metabolizable energy valuesTable 1
Costs and chemical compositiona of the feedstuffs used as inputs to
optimize the treatment diets, and the resulting optimized diets for each
plane of nutrition.
Inputsa Ingredients
Corn
Silage
Grounded
Corn
Urea Soybean
meal
cab, R$/kg as fed 0.12 0.60 1.20 0.60
DM½ a, g/kg as fed 360 860 950 890
NDF½ a g/kg DM 500 90 – 140
pef a,f 0.9 0.34 – 0.23
ME½ a, MJ/kg 9.0 13.8 – 12.6
FME½ a, MJ/kg 7.0 12.4 – 12.0
½CPa, g/kg DM 70 102 2600 497
½ADINa, g/kg DM 1.2 – – 2.2
aa, dmlsc 0.66 0.26 1.0 0.08
ba, dmlsc 0.19 0.69 – 0.92
kd
a, 1/h 0.20 0.01 – 0.08
uac, dmls 0.15 0.05 – –
½QDPa, g/kg DM 46.2 26.5 2600 39.8
½SDPa, g/kg DM 12.1 23.9 – 367.8
½ERDPa, g/kg DM 49.1 45.1 2080 399.6
½UDPa, g/kg DM 11.7 51.6 – 89.4
½DUPa, g/kg DM 3.8 46.4 – 68.1
Optimized diets d
1 maintenance 0.849 0.112 0.002 0.048
1.5 maintenance 1.289 0.172 – 0.055
2 maintenance 1.717 0.231 – 0.070
2.5 maintenance 2.080 0.321 0.006 0.053
a c, feed cost; DM, dry matter; NDF , neutral detergent fiber; pef ,
physically effective fiber; a, instantly degradable soluble fraction; b,
insoluble potentially degradable fraction; kd , fractional degradation rate
of b; u, unavailable protein fraction; ME, metabolizable energy; FEM,
fermentable metabolizable energy; CP, crude protein; ADIN, acid deter-
gent insoluble nitrogen; QPD, quickly degradable protein; UDP, unde-
gradable protein; SDP, slowly degradable protein; ERDP, effective rumen
degradable protein.
b Monetary units per kg of the feedstuff as fed. Prices taken on March,
2011, when R$ 1;00 (Brazilian currency) ¼ US$ 0:60:
c Dimensionless.
d Amounts of ingredients as fed, i.e., g/d.were used because they are readily available in the AFRC
publication. By constraining diets to a constant metaboliz-
able protein ðMP, g=dÞ to ME ratio (g/MJ), (namely MP : ME)
and by fixing exact values for L (Eq. (2)), dietary ME and MP
became functions of Mm as shown in Eqs. (6) and (7). The
constants 0.55 (Eq. (4)) and 6.5 (Eq. (7)) were the lowest
values used as inputs that resulted in viable solutions for the
nonlinear problem in the planned L range. The amount of
urea ðUrea, g=dÞ was constrained to an upper limit to avoid
ammonia intoxication (Eq. (5)). The fiber-related constraints
described in Eqs. (8)–(9) were added to the original AFRC
equations. The fibrous content of the j-th feedstuff NDF½ j

,
g=kg DMÞ and its physically effective fiber factor ðpef j,
dimensionless) are shown in Table 1. The content of physi-
cally effective fiber of the diet peNDF½ ð , g=kg DM was set to
a minimum required amount as shown in Eq. (8) to avoid
rumen dysfunction (Cannas et al., 2003). In addition, the
empirical maximum fiber intake capacity (Eq. (9)) was set to
12 g= d kgð Þ (Mertens, 1987; Vieira et al., 2008). The
amount of fiber offered ðOf f eredNDF , g/d) was defined as
106∑
j
DM½ j NDF½ jxj.2.3. Chemical analyses of the offered diets, orts, feces,
and urine
Samples of the offered diets, orts, and feces were dried
at 55 1C for 72 h in a forced air oven. Individual samples of
the offered diets, orts, and feces were composited on the
basis of the air-dried-weight. The composite samples were
ground through a 5 mm screen in a Wiley-type mill and
stored. Samples of approximately 0.1 kg of the stored
samples were ground through a 1 mm screen for chemical
analyses. Urine samples were composited by taking 20% of
the amount of urine produced daily during the experi-
mental period. The composite urine samples were freeze-
dried.
Samples of diets, orts, and feces were analyzed for dry
matter ð½DM, g/kg as fed; Undersander et al., 1993), crude
fat ð½CF, g/kg DM; method 2003.06; Thiex et al., 2003)
and ash ð½Ash, g/kg DM; method 942.05; AOAC, 1998).
The nitrogen content of the freeze-dried urine ð½UN, g/kg DMÞ
and the crude protein content ð½CP, g/kg DMÞ of the
offered diets, orts, and feces were obtained by digesting
approx. 0.25 g samples in 100 mL tubes to which 5 mL of
H2SO4 and 1 g of a 56:1 (w/w) mixture of Na2SO4 and
Cu2SO4d5H2O were added; tubes were then heated in
aluminum digestion blocks. This method was performed
according to the guidelines outlined in methods 984.13
and 2001.11, including N recovery with certified NH4H2PO4
and lysine-HCl (AOAC, 1998; Thiex et al., 2002). The
insoluble fiber content ð½NDF, g/kg DMÞ was assayed with
sodium sulfite and two additions of a standardized solu-
tion of heat-stable amylase, and with ashes excluded
according to method 2002.04 (Mertens, 2002). The neutral
detergent solubles ð½NDS, g/kg DMÞ and non-fibrous carbo-
hydrates ð½NFC, g/kg DMÞwere estimated as the differences
NDS½ 5f ¼ 1000 NDF½ , and NFC½  ¼ 1000 CP½  CF½ 
 Ash  NDF½ , respectively.
J.G. Jardim et al. / Livestock Science 158 (2013) 106–117 1092.4. Computing amounts and contents
The apparent digestible energy contents ð DE½ , MJ=kgÞ
of the consumed diets were estimated by accounting for
the heats of combustion of protein ð23:4 MJ=kgÞ, carbohy-
drates ð17:6 MJ=kgÞ, and fat ð39:3 MJ=kgÞ according to
Maynard et al. (1979), as follows:
DE MJ=d
 ¼ 17:6 DNFCþDNDFð Þþ23:4DCPþ39:3DCF ð11Þ
8DNut kg=d
 ¼Of f eredNutONutRNut ð12Þ
DE½  MJ=kg ¼DE=F ð13Þ
The actual dry matter intake ðF, kg/d) of the diets was
computed as F ¼ 0:001ð∑
j
DM½ jxj DM½ OOÞ. The amount
of daily orts (O, kg/d), the DM content of the orts (½DMO,
g/kg DM), and the fecal DM produced daily (R, kg=d) were
used to compute the digestible dry matter intake ðD, kg=dÞ,
i.e., D¼ FR. The digestible amount of a specific nutrient
was denoted DNut , namely, DNFC , DNDF , DCF , DAsh, DNDS or
DCP , and its concentration in the diet was denoted as DNut½ .
For a given nutrient, the individual components of
Eq. (12) were computed as follows: Of f eredNut ¼ 106
∑
j
DM½ j Nut½ jxj; ONut ¼ 106 DM½ O Nut½ OO; and RNut ¼
0:001 Nut½ f ecesR. The amount of a given nutrient in the
fecal DM was also denoted RNut (kg/d). A given nutrient
intake was calculated as FNut ¼Of f eredNutONut . The coef-
ficients of digestibility of the diet DM and of a specific
nutrient were determined as follows:
D½  g=kg DM ¼ 1000D=F ð14Þ
DNut½  g=kg DM
 ¼ 1000DNut=F ð15Þ
The daily urinary energy ðUE, MJ/d) was estimated from
the urinary nitrogen content with the equation described
by Paladines et al. (1964), and the daily methane energy
ðEg , MJ/d) was estimated with the equation proposed by
Blaxter and Clapperton (1965),1, modified as Eq. (16):
Eg ¼ 18:8F 1:3þ0:112 D½ mþLc 2:370:05ð Þ D½ m
 
=100
ð16Þ
The terms D½ m and Lc represent the mean digestibility of
the maintenance level diet ðL¼ 1Þ and the corrected plane
of nutrition, respectively. These waste energy estimates
were discounted from DE to yield the apparent metaboliz-
able energy intake ðMEÞ of the diets ð ME½ Þ fed to each
animal at each treatmentperiod animal combination:
ME MJ=d
 ¼DEUEEg ð17Þ
Nonetheless, the actual Lc value was unknown and an
additional equation relating Lc to another independent input
of the metabolizable energy intake was necessary to find a
numerical solution for Lc. According to Eq. (6), Lc ¼ME=Mm;
and Mm ¼ FHPþAð Þ=km and km ¼ 0:35ME= 18:8Fð Þþ0:5031 Although calculations made by Blaxter and Clapperton (1965) were
correct, their equation was printed incorrectly. It can be easily demon-
strated that, on their terms, CH4(kcal/100 kcal feed)¼1.30þ0.112DþL
(2.370.050D).(AFRC, 1993). The terms FHP, A, and km represent the fasting
heat production, voluntary activities, and efficiency of utili-
zation of the ME for maintenance, respectively. By rearran-
ging terms, isolating ME, and taking only the positive root as
the solution for ME, we have:
ME MJ=d
 ¼ ð0:503þð0:50324 0:35= 18:8Fð Þ 
 Lc FHPþAð Þð ÞÞ1=2Þ= 2 0:35= 18:8Fð Þ
 
ð18Þ
The unknown corrected plane of nutrition ðLcÞ was solved by
taking the output of the ratio Eq. (17)/Eq. (18) as the objective
function and by numerically varying Lc using the optimization
tool of Microsoft Excel Solvers. A solution was considered
reached whenever the ratio Eq. (17)/Eq. (18) approached
1:000070:0005. Consequently, the metabolizable energy
content taken from the results of Eq. (17) (or Eq. (18)) based
on the optimized Lc was finally obtained as ME½  ¼ME=F
MJ=kg DM
 
, and the corrected diet metabolizability com-
puted as qm0 ¼ ME½ =18:8. The nitrogen balance ðNB, g/d) was
computed as NB¼ FCPRCPð Þ=6:25UN, in which UN (g/d)
is the amount of urine nitrogen excreted on a daily basis.
2.5. Statistical analysis
The intake of nutrients, digestible nutrients, digestible
energy, and the amounts of feces and urine produced daily
were scaled to the metabolic body size, i.e., by dividing
the respective intake or amount excreted by W3=4 ðg or MJ=
ðd kg3=4ÞÞ. The exception was the amount of fiber intake
that was scaled to W at its first power ðg= d kgð ÞÞ
(Van Soest, 1994). The linear mixed model described by
Eq. (19) was fitted to the weight-scaled variables after
logarithmic transformation, and to the nutrient contents
(g/kg DMÞ transformed as 2arc sin
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
0:001 Nut½ 
p
. Nonethe-
less, the estimated variables were presented in its full scaled
form, i.e., as g or MJ=ðd kg3=4Þ, g= d kgð Þ, or g/kg DM. The
following linear mixed statistical model was adopted
(Tempelman, 2004):
Yikl ¼ μþαiþskþβlþαβilþeikl ð19Þ
in which Yikl is the observation related to the variable
measured in the k-th sheep fed to the i-th plane of nutrition
during the l-th period. The fixed effects in Eq. (19) are the
mean ðμÞ, the plane of nutrition αið Þ, the periods for the two
simultaneous balanced Latin squares βl
 
, and the treatment
by period interaction αβil
 
. The random effects are sheep
skð Þ and the usual error term eiklð Þ. The statistical model was
fitted using the PROC MIXED procedure of SAS (version 9;
SAS Institute Inc., Cary, NC, USA) with restricted maximum
likelihood (REML) as the estimation method. The repeated
command was used with sk as subjects. The variance-
covariance matrix was modeled as variance components,
compound symmetry, first order auto-regressive correla-
tions, and as the unrestricted variance–covariance structure
(Littell et al., 2006). The likelihood of the different variance–
covariance structures was assessed from the Bayesian infor-
mation criterion (BIC) proposed by Schwarz (1978). The BIC
is a SAS output obtained after fitting Eq. (19) with different
variance-covariance structures to the data (Wolfinger, 1993).
Table 2
P-values related to the measured variables analyzed for the effects of the
planned plane of nutrition, periods, and treatment by period interaction.
Variablea P-values associated to the effects of the statistical model
Treatment Period Interaction Linear Quadratic
Wa, kg o0:001 0:075 0:421 0:163 o0:001
ODMb o0:001 0:069 0:402 o0:001 0:415
Ob 0:057 0:210 0:762 0:011 0:046
Fb o0:001 0:150 0:444 o0:001 0:276
FOM
b o0:001 0:156 0:436 o0:001 0:250
FCP
b o0:001 0:057 0:446 o0:001 0:841
FCF
b o0:001 0:104 0:561 o0:001 0:007
FAsh
b o0:001 0:029 0:766 o0:001 0:758
FNDF
b o0:001 0:083 0:419 o0:001 0:156
FNFC
b 0:001 0:135 0:382 o0:001 0:814
FNDS
b 0:002 0:097 0:393 o0:001 0:846
Rc o0:001 0:939 0:861 o0:001 0:002
RCP
c o0:001 0:148 0:630 o0:001 0:139
RCF
c 0:001 0:348 0:212 0:001 0:006
RAsh
c 0:002 0:063 0:375 0:002 0:761
RNDF
c o0:001 0:954 0:681 o0:001 0:013
RNFC
c o0:001 0:095 0:670 o0:001 0:007
RNDS
c o0:001 0:821 0:932 o0:001 0:005
UN½ d 0:031 0:759 0:232 0:012 0:375
UNe 0:023 0:531 0:280 0:028 0:334
Db 0:037 0:067 0:172 o0:001 0:024
DEb 0:001 0:035 0:113 o0:001 o0:001
DOM
b o0:001 0:022 0:059 o0:001 0:365
DOM½ a 0:040 0:835 0:357 0:680 0:004
qm
0 a 0:025 0:313 0:454 0:020 0:039
Lca 0:001 0:017 0:194 o0:001 0:099
a W is liveweight (kg), and the dimensionless variables are the
corrected metabolizability qm0
 
, the corrected plane of nutrition Lcð Þ,
and the coefficient of digestibility of the organic matter DOM½ ð Þ.
b Amounts of offered dry matter ðODMÞ and orts ðOÞ, and intakes of
dry matter ðFÞ, crude protein FCPð Þ, crude fat FCFð Þ, ash FAshð Þ, neutral
detergent fiber FNDFð Þ, non-fibrous carbohydrates FNDFð Þ, neutral deter-
gent solubles FNDSð Þ, digestible dry matter Dð Þ, digestible energy DEð Þ,
organic matter FOMð Þ, and digestible organic matter DOMð Þ, all expressed
as g/(d kg3/4) or MJ= d kg3=4
 
.
c Amounts of fecal dry matter Rð Þ, crude protein RCPð Þ, crude fat RCFð Þ, ash
RAshð Þ, neutral detergent fiber RNDFð Þ, non fibrous carbohydrates RNFCð Þ, and
neutral detergent solubles RNDSð Þ, all expressed as g/(d kg3/4).
d Urinary nitrogen UN½ ð , g/kg urine DMÞ.
e UN, g/(d kg3/4).
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Akaike information criteria converge (Burnham and Anderson,
2004), the likelihoods of the different variance–covariance
models were computed (Vieira et al., 2012). The computed
information criteria (BIC, likelihood probability, and evidence
ratio) were also used to check the likelihood of Eq. (19) fitted
to data by introducing treatment grouping in the repeated
sentence of the SAS program to check the homoscedasticity
assumption (Wolfinger, 1996; Littell et al., 2006). Null hypoth-
eses regarding treatment factors and their linear and quadratic
effects were rejected for Po0:05.
For significant regressions, the predicted 95% confi-
dence intervals ð95% CIÞ at the different values of L were
presented as follows: y^L7 ðcUr bLrÞ=2; in which y^L is the
predicted response at a given L; and cUr and bLr are the
predicted upper and lower limits of the 95% CI, respec-
tively. Given the absence of treatment effects for a given
variable, the least squares estimates of the 95% CI for each
L was provided as yL7 UrLr
 
=2, where y is the least
squares mean, and Ur and Lr are the respective upper and
lower least squares limits of the 95% CI for the mean.
Some variables were reanalyzed by regressing observed
values against the corrected plane of nutrition ðLc from
Eq. (17)/Eq. (18) ratio). Some variables exhibited curvi-
linear and asymptotic behaviors; other variables presented
linear behaviors. However, these observed behaviors pre-
sented an initial phase near maintenance in which an
average response was followed by the respective curvi-
linear or linear ascending behavior above maintenance. For
this reason, we adopted two models to describe these two
possible relationships, as shown in Eqs. (20)–(22):
If min LcrLcrL0 then y¼ y0; for Lc4L0 then y¼ ABexp kLcð Þ
ð20Þ
If min LcrLcrL0 then y¼ y0; for Lc4L0 y¼ θ0þθ1Lc ð21Þ
If min LcrLcrL0 then y¼ y0; for Lc4L0then y¼ θ1Lc
ð22Þ
The minimum (min) Lc was taken as the lowest observed
Lc value within the entire Lc range. The parameter y0 was
the mean of the observations that did not change within
the maintenance range, which, in turn, is defined by its
upper limit L0. In Eq. (20), parameter A is the asymptotic
response for a given value of y, B is a scale parameter, and
the rate of increase in y reduces asymptotically at a
fractional rate k for Lc4L0. The intercept θ0 can be
excluded from Eq. (21) to yield the no-intercept model
described in Eq. (22) as a possible alternative chosen on
the basis of the likelihood of Eqs. (21) and (22). The
regression coefficient ðθ1Þ corresponds to the unit increase
in the dependent variable for each increasing unit in Lc
above L0. The dependent variables ðyÞ were scaled to W or
W3=4 accordingly, and Eqs. (20)–(22) were fitted to the
scaled data by means of the robust iteratively reweighted
nonlinear least squares of the PROC NLIN procedure (SAS,
version 9). The sums of squares of the errors obtained after
fitting Eqs. (20)–(22) were used to compute likelihood
criteria, as suggested by Vieira et al. (2012). No inferences
were drawn above the maximum or below the minimum
observed Lc values.3. Results
The fit of Eq. (19) to the variables listed in Table 2 using
different variance–covariance structures revealed that var-
iance components structure was the best choice among
the tested variance-covariance structures for the variables
W , ODM, O, F , FCP , FNDF , R, RCP , RNDF , RNFC , RNDS, UN½ , UN,
DE, FOM , and DOM½ . The compound symmetry structure
with constant correlations among repeated measurements
taken on the same sheep across periods was the best
choice for the variables FCF , FAsh, qm0 , and DOM . The
unstructured or unrestricted variance-covariance structure
was the best choice for the variables D, FNFC , FNDS, RAsh, RCF ,
and Lc. The amounts of orts left by the animals presented
heterogeneous variances among treatments.
The liveweight of the animals ðWÞ was affected by the
plane of nutrition (Tables 2 and 4). The predicted W values
peaked for treatments between 1.5 and 2 maintenance.
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were 44:9; 42:6; 41:8; and 44:3 kg, respectively, with a
common half 95% CI error equal to 1.7 kg.
All variables presented in Table 2 were affected by the
planned plane of nutrition ðLÞ. The natural logarithm (log)
of the actual or corrected plane of nutrition ðLcÞ increased
linearly with L. Some variables were affected by periods
and no variable was affected by the αβil effect. There
were linear and quadratic effects for the log transformed
offered feed and orts, respectively. With the exception of
the L2 effect over log FCF , only linear effects of L were
observed on the log intake rates of the other nutrients
ðF; FCP ; FAsh; FNDF ; FNFC ; FNDS; and FOMÞ. The predicted
values of F and FOM (and so forth for other nutrients) were
not exactly the same as the difference between the least
squares means computed for the offered and orts dry
matter because F and FOM were analyzed directly as
dependent variables after transformations (Tables 3 and
4). With the exception of the linear effects observed for
fecal crude protein ðRCPÞ and ash ðRAshÞ, the amounts of
fecal dry matter ðRÞ and of nutrients voided in feces
ðRCF ; RNDF ; RNFC ; and RNDSÞ varied according to L2 asymp-
totically (values not shown).
The plane of nutrition linearly affected both the urine
nitrogen content ð½UN, g/kg of urine DMÞ and the urine
nitrogen excreted on a daily basis scaled to the metabolic
body size ðUN; g=ðd kg3=4ÞÞ, as presented in Tables 2 and 4.
No orts were left at the maintenance level but there
was a weak evidence that orts increased as L increased
(Tables 2 and 3). The orts at 1.5 and 2 maintenance
amounted to 2.9 and 3.0% of the offered dry matter,
respectively. The offered DM varied because it was scaled
to W3=4; however, the nutrient contents did not vary in aTable 3
Amountsa of dry matter ðDMÞ and nutrientsb in the offered, orts, feces, and diges
fed to the F1 Santa Inês  Dorper wethers.
Plane of Nutrition DMc ½DMd ½CPd
Offered
L¼1 28:370:9 374:1 171:9
L¼1.5 37:570:8 364:6 197:6
L¼2 49:671:0 364:1 127:4
L¼2.5 65:672:1 362:3 148:8
Orts
L¼1   
L¼1.5 1:171:1 426:973:7 109:4740:2
L¼2 1:571:5 432:972:4 44:7718:9
L¼2.5 5:373:9 432:872:0 46:0716:5
Feces
L¼1 6:570:8 357:776:4 154:7716:9
L¼1.5 10:070:9 359:376:4 140:3716:2
L¼2 12:571:1 353:776:4 130:2715:7
L¼2.5 12:971:5 359:376:4 154:7716:9
Digested
L¼1 21:971:4 764:3727:4 135:574:2
L¼1.5 26:771:8 735:7728:5 163:772:7
L¼2 34:772:8 731:0728:6 95:573:9
L¼2.5 47:873:6 783:1726:6 124:8710:1
a Estimates without errors are analytical results about the offered DM. Othe
b CF, crude fat; CP, crude protein; NFC, non fibrous carbohydrates; NDF , n
exclusive of residual ash.
c g/(d kg3/4).
d g/kg of DM for the offered, orts, feces, and digested materials.similar manner, which explains why we did not present
error estimates for nutrient composition as a proportion of
offered DM. The orts amounted to 8.1% of the offered DM
at 2.5 maintenance (Table 3). In addition, the ½DM;
½CP; ½CF; ½Ash; ½NDF, and ½NFC contents of the orts were
linearly affected by L (Table 2).
The most appropriate variance–covariance structure for
the nutrient contents in the orts was variance components.
The fecal ½DM; ½NDF, and ½NFC contents were not
affected by the plane of nutrition ðP ¼ 0:594; 0:440, and
0:077, respectively). The fecal ½Ash content varied accord-
ing to L2 ðP ¼ 0:029Þ. The exception was the more likely
unrestricted variance-covariance structure identified for
the ½CF content of the feces, but no significant L and L2
effects were detected for this variable ðP ¼ 0:198 and
0:738, respectively).
The scaled intake of a specific nutrient can be approxi-
mately computed from Table 3 by taking the offered DM,
the orts DM, and the nutrient concentrations in the offered
and orts DM. For instance, the scaled NFC intake at L¼ 2
was 0:001 427:4 49:6701:0 1:5ð Þ ¼ 20:1 g=ðd kg3=4Þ;
the full-scale estimate can be computed as the product
W3=4  NFC for the predicted weight at L¼ 2, namely
46:03=4  20:1¼ 355:0 g/d of non fibrous carbohydrates.
There was a weak evidence that ½D was affected by the
treatment levels ðP ¼ 0:056Þ. A variance components struc-
ture was the best choice for ½D, whereas the unrestricted
variance–covariance structure was the best choice for
½DCP . The compound symmetry structure with a constant
correlation was the best variance-covariance structure for
½DCF , and a quadratic effect ðL2Þ was observed ðPo0:001Þ.
The ½DNDF  and ½DNFC  were affected by L2 ðP ¼ 0:004
and 0:029, respectively), and the variance componentsted matter at each planned plane of nutrition ðLÞ of the experimental diets
½CFd ½Ashd ½NDFd ½NFCd
54:9 63:0 350:2 364:3
50:4 58:0 357:9 339:7
48:7 65:8 334:0 427:4
53:0 63:2 360:9 377:5
   
53:6717:7 66:5715:1 91:9726:0 674:8734:2
32:979:9 73:1711:2 145:5722:5 701:0723:7
37:979:1 77:379:9 140:7719:2 694:7720:6
36:577:7 163:7717:3 514:5724:2 125:0727:7
39:477:6 137:379:3 513:2724:2 163:2730:9
32:675:8 129:9716:7 536:5724:1 170:8731:5
30:474:9 140:2726:6 515:4724:2 152:6730:1
46:171:9 23:472:5 235:8722:6 330:2710:6
39:871:5 20:374:5 207:8716:4 280:8710:2
40:271:5 30:973:9 215:6716:6 367:9710:9
47:171:9 31:276:3 260:5723:3 308:3710:2
r estimates are 95% CI for each L.
eutral detergent fiber assayed with amylase and Na2SO3, and expressed
Table 4
Confidence intervals (95% CI) for some measured variables predicted at each plane of nutrition as planned ðLÞ.
Variable
95% CI predicted at each plane of nutrition as planned
L¼ 1:0 L¼ 1:5 L¼ 2:0 L¼ 2:5
Wa 40:172:0 45:371:6 46:071:6 52:172:0
Fb 28:471:2 36:671:0 47:271:3 60:972:6
FOM
b 26:671:1 34:371:0 44:271:2 57:072:4
UN½ c 90:3719:3 104:1713:3 118:7714:1 134:2722:6
UNd 0:470:1 0:570:1 0:670:1 0:770:2
NBd,e 0:170:2 0:370:2 0:370:2 0:370:2
qm
0 a 0:61970:042 0:60170:037 0:62070:037 0:67770:041
Lca 0:9370:12 1:2870:13 1:7770:15 2:4570:24
a W is liveweight (kg), and the dimensionless variables are the corrected metabolizability qm0
 
and the corrected plane of nutrition Lcð Þ.
b Intakes of dry matter ðFÞ and organic matter FOMð Þ, both expressed as g/(d kg3/4).
c Urinary nitrogen UN½ ð , g/kg urine DMÞ.
d UN, g/(d kg3/4).
e NB, nitrogen balance expressed as g/(d kg3/4).
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variables. The unstructured variance–covariance matrix
was best fitted to ½DCP  and ½DAsh; however, no significant
treatment effects were detected for either variable. The
intake rate of a digestible nutrient can be approximately
computed from Table 3 by taking the product of nutrient
digestibility (g/kg DM) and the respective intake of
digested dry matter; e.g., for DCP at L¼ 2, we obtain a
value of 34:7 0:001 95:5¼ 3:3 g=ðd kg3=4Þ. The full
scale intake for L¼ 2 was calculated as
46:03=4  3:3¼ 58:3 g/d of digestible crude protein.
The value of qm0 was affected by L
2, whereas Lc was
affected only linearly by L (Tables 2 and 4). It is important
to remember that these two variables were transformed as
2arc sin
ﬃﬃﬃﬃﬃﬃ
qm0
p
and log Lcð Þ prior to being fitted by Eq. (17),
and the final expressions for the full scale qm0 and Lc were
the respective squared senoid and exponential functions
as depicted in panels (a) and (b) of Fig. 1, respectively. The
planned metabolizability ðqm ¼ 0:55; Eq. (4)) was below
the predicted lower bound of the 95% CI of qm0 at all
planned levels of intake (Table 4). The corrected metabo-
lizability could be considered nearly constant due to the
predicted interval estimates at L¼ 1, 1.5, and 2 main-
tenance; nonetheless, at L¼ 2:5, the animals were able to
select the richest diet, as shown by the amounts of orts left
behind (Fig. 1a).
The full scale Lc was curvilinear, as depicted in panel (b)
of Fig. 1 and the predicted 95% CI estimates at each L level
are shown in Table 4. Therefore, the planned L was within
the 95% CI estimates for Lc only for L¼ 1 and 2:5; the
actual or corrected plane of nutrition ðLcÞ was below the
planned values at 1.5 and 2 maintenance.
The intakes of dry matter ðF, Fig. 1c and Table 4),
digestible dry matter ðD, Fig. 1c), and organic matter
ðDOM , Fig. 1d) increased in an asymptotic fashion as Lc
increased. Below and near maintenance (≅ 1 ), however,
observed values were constant. The Eq. (19) used to
describe these variables are mostly descriptive, and the
extrapolation of inferences for Lco0:8 and Lc42:9 is not
recommended.
The intakes of digestible organic matter ðDom, Fig. 1d),
digestible energy ðDE, Fig. 1e), and neutral detergent fiberðFNDF , Figure 1 f) increased linearly above maintenance.
This means that the linear segmented model presented a
greater likelihood than Eq. (19) when describing these
three variables. Eq. (20) was necessarily used to describe
the observed behaviors because intakes of these nutrients
at a common threshold below maintenance (Lco0.9) were
constant.
The fit of Eqs. (19)–(20) to the data revealed common
tendencies among variables, as depicted in both Figs. 1 and 2.
Nonlinear asymptotic behaviors were observed for the scaled
intakes of FNDS, digestible total carbohydrates (DTC), FAsh,
and DAsh (panels (a), (b), and (c) of Fig. 2), whereas a crescent
linear behavior was observed for FCP, DCP, FCF, and DCF
(panels (a), (b), and (c) of Fig. 2).
The difference between the nitrogen intake and the
nitrogen excreted in both feces and urine, i.e., the nitrogen
balance (NB, Table 4) expressed on a daily basis as
g=ðd kg3=4Þ, was not affected by the plane of nutrition
ðP ¼ 0:429Þ, experimental periods ðP ¼ 0:194Þ, or the treat-
mentperiod interaction ðP ¼ 0:871Þ. Although some cor-
relation among repeated measures taken at different
periods on the same sheep (compound symmetry) might
have occurred, the best choice for the covariance structure
was variance components because of its simplicity and
comparable likelihood to that of the compound symmetry
structure.
4. Discussion
The traditional Latin square design has been analyzed
assuming the nonexistence of the αβil term and other
possible interactions (Littell et al., 2006; Lucas, 1957;
Neter and Wasserman, 1974). Although included in
Eq. (17) as recommended by Tempelman (2004), the effect
of the interaction αβil was not significant for any depen-
dent variables studied (Table 2). In addition, the investiga-
tion of the possible variance-covariance structures (Littell
et al., 2006) based on likelihood calculations (see section
2.5) revealed that errors were correlated in some cases, i.e.,
covariances or correlations among measurements taken on
the same sheep across periods were likely to have
occurred for some variables measured in the present
Fig. 1. Trends observed for some variables as functions of the planned plane of nutrition (L, dimensionless) and the corrected plane of nutrition
(Lc, dimensionless). On panel (a) the corrected observed (þ) and predicted (solid line) metabolizabilities (q'm, dimensionless) are plotted against L. On panel
(b) observed (þ) and predicted (solid line) Lc values are plotted against L. On panel (c) are plotted the observed dry matter intake g/(d x kg3/4), þ), the
predicted F (solid line), the observed digestible dry matter intake (D, o), and the predicted D (dashed line). On panel (d) are shown the organic matter
(FOM , þ) and digestible organic matter (DOM, g/(d kg3/4), o) intakes, as well as the predicted values for FOM (solid line) and DOM (dashed line). On panel
(e) are depicted the observed (þ) and predicted (solid line) digestible energy intake (0.001DE, MJ/(d kg3/4)). On panel (f) are depicted the observed
ðFNDF ; g= d kgð Þ; þÞ and predicted (solid line) insoluble fiber intake.
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Fig. 2. Trends observed for some variables as functions of the corrected plane of nutrition (Lc, dimensionless). On panel (a) the observed (þ) and predicted
(solid line) neutral detergent solubles (FNDS, g/(d kg3/4)) intakes, and the observed (o) and predicted (dashed line) crude protein intakes (FCP, g/(d kg3/4))
are plotted against Lc. On panel (b) observed (þ) and predicted (solid line) total of digestible carbohydrates intakes (DTC, g/(d kg3/4)), and observed (o) and
predicted (dashed line) digestible crude protein intakes (DCP, g/(d kg3/4)) are plotted against Lc. On panel (c) are plotted the observed intake of crude fat
(FCP, g/(d kg3/4), þ) and its predicted value (solid line), and the observed digestible crude fat intake (DCF, g/(d kg3/4), o) and its predicted value (dashed
line). On panel (d) are shown the observed (þ) and predicted (solid line) FAsh intakes expressed as (FAsh, g/(d kg3/4)), and the observed (DAsh, g/(dkg3/4))
and predicted (dashed line) digestible ash intakes.
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or uncorrelated errors for the simultaneous Latin square
design does not always hold true.
The field of operations research deals with the problem
of allocating scarce resources; it is from this field that the
idea of diet optimization arose. The most common objec-
tive function used is the cost of the diet, as shown in
Eq. (1), which the model aims to minimize (Bazaraa and
Shetty, 1979). The problem of feeding a particular type of
farm animal occurs in situations where resources are
scarce. Therefore, the controlled feeding system in which
the animal is expected to eat all of an offered diet is of
interest (Emmans and Kyriazakis, 1995); in our case, we
aimed to produce an optimized diet at minimal cost. The
existence of slightly increasing amounts of orts indicated
that too much feed was offered only at the highest plane of
nutrition (Table 3); however, the definition of a controlled
feeding situation was probably still applicable. Therefore, ifthe objective of the research is to guarantee the intake of
the entire amount of the offered diet to minimize sys-
tematic variations in metabolizability of the diet effectively
consumed, the researcher should be aware that, at high
levels of feeding, the animals might be capable of selecting
the most nutritious part of the diet (Fig. 1a); therefore, to
assure a controlled feeding system, no orts should be
allowed.
A good estimate of the voluntary feed intake of the
animal and estimates of the metabolizable energy contents
for maintenance and production of the selected feedstuffs
are required for linear programming (AFRC, 1993). There-
fore, for the linear programming of diets for ruminants in
the current feeding systems, voluntary dry matter intake
must be input to produce the expected output of animal
performance (McDonald et al., 1995; Fox et al., 2004).
The use of iterative linear programming may overcome
this problem and provides a tool for the ration formulator,
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professionally programmed software (Munford, 1996).
In contrast, with nonlinear programming, intake could be
treated as an output and computed on the basis of the
unknowns xj as ∑
j
0:001½DMjxj. In addition, performance
ðe:g:; ΔWÞ can be constrained to a target or desired
performance level and treated as an input or an additional
constraint. In the present work, however, ΔW was uncon-
strained in Eq. (3) because we were interested in intake
and digestibility behaviors; therefore, no inferences were
made regarding ΔW because short experimental periods
may preclude valid inferences about liveweight gain
(Eaton et al., 1959). A rather complete evaluation of the
model could be accomplished if observed performances
are compared to the expected ones (Joyce et al., 1975;
Henrique et al., 2005; 2011; Tedeschi et al., 2010).
It has long been recognized that the nutritive value of a
unit weight of feed is not constant and depends on the
amount of feed consumed, as the greater the feed intake,
the lower the feed utilization (Blaxter, 1956; Brody, 1945;
Tedeschi et al., 2010; Van Soest and Fox, 1992). For the
same reason, discounts for net energy and protein must be
applied for a given diet fed at multiples of maintenance
levels (Van Soest and Fox, 1992); similarly, with increasing
nutritional levels in the diet, the metabolizability ðqmÞ of
the diet is expected to decline (Blaxter, 1966). For this
reason, we tried to keep the metabolizability of the dietary
energy and the MP : ME ratio constant (Table 2) to verify
the ability of the optimization tool to provide predictable
amounts of nutrients and digestible nutrient intakes
according to the current theories underlying the feeding
of ruminants (Conrad et al., 1964; Mertens, 1987; AFRC,
1993; NRC, 2007; Allen et al., 2009) using sheep as a
generalizing model (Fig. 1). The nonlinear constraints used
(Eqs. (6)–(8)) are more natural because the true energy
and protein values of a diet are essentially nonlinear, given
the dependence of the nutritive value on the amount of
feed eaten. The main advantage of the nonlinear optimiza-
tion is the freedom it provides and the flexible way in
which constraints can be built. There is no need for
linearization or transformations of any kind, and con-
straints can be programmed as originally conceived.
In addition, the user can program a specific model in the
spreadsheet by pooling parts of different models that are
more accurate in predicting specific variables of interest, as
suggested by Offner and Sauvant (2004), so that the overall
performance of the new model may be improved.
We did not check the protein metabolizability of
the diets, but the majority of the protein losses occurred
as fecal protein ðRCP , Table 2). The amount of RCP ðg=ðd
kg3=4ÞÞ can be easily computed from Table 3 as R
f ecal ½CP. We expected that urinary energy excretion
would be in close agreement with crude protein intake
(Brody, 1945), as urinary energy and nitrogen contents are
highly correlated (Street et al., 1964). However, there was
only a slightly significant increase in the daily urinary
nitrogen excretion (section 3), i.e., 0.1 g=ðd kg3=4Þ; per
unit increase in L. In addition, as mentioned previously, all
fecal losses appeared to increase in an asymptotic fashion
(not shown), but the nitrogen balance was nearly constantin the L range studied. The constant MP : ME ratio adopted
might have favored the retention of protein and reduced
the nitrogen and energy losses (Blaxter, 1966; Fox et al.,
2004). As a result, animals became heavier with different
diets. The changes in liveweight that occurred with L2 are
difficult to explain (Table 2). Growth measures are less
variable with longer experimental periods (Eaton et al.,
1959), which might explain the absence of the period
effect. Therefore, as was the case with growth, measures
related to protein and energy retention demand contin-
uous rather than change-over trials to verify the MP : ME
ratio hypothesis.
The qm0 values were used to compute Lc values (section
2.4; Figs. 1a and 1b, and Table 4). Apparently, the animals
were capable of performing nonlinear adjustments within
the studied range of the planned plane of nutrition ðLÞ.
Blaxter (1956; 1966) and Van Soest (1994) argued that
variations in energy utilization of concentrates are lower
than variations in the efficiencies of utilization observed
for forages. In addition to the effect of dietary selection on
qm
0 at the highest level of L, the observed systematic
difference between qm (Eq. (4)) and qm0 (Fig. 1a) could be
attributed to the tabular ½ME value of the corn silage
adopted (Table 1). One possible explanation for this was
the use of a grain-producing variety with a shorter plant
height instead of a silage-specific variety. The possibly
greater proportion of corn grains (not quantified) might
have resulted in a greater ½ME value than the tabular value
attributed to the corn silage used in the present study.
The intake and digestibility behaviors observed were
highly predictable given that the patterns predicted by the
models mimicked those exhibited by the observed data
(Figs. 1 and 2). The curvilinear asymptotic responses of
F; FOM ; FNDS, and DTC were in agreement with current
theories related to the regulation of intake (Conrad et al.,
1964; Mertens, 1987; Allen, 1996; Allen et al., 2009).
The chemostatic nature of the regulation of intake
appeared to operate as predicted, as intakes of DOM , DCF ,
DE, and FNDF increased linearly in the Lc range (Figs. 1d,
1e, 1 f, and 2c). The value of FNDF was constrained to a
maximum intake of 12 g=ðd kgÞ (Mertens, 1987; Vieira
et al., 2008), though this limit was not reached within the
observed Lc range. According to the biphasic theory of
intake regulation (Conrad et al., 1964; Mertens, 1987;
Allen, 1996), a plateau would be expected for Lc values
greater than 2.5; however, this plateau was not reached. In
this context, the segmented linear model has an inherent
limited inference, because, otherwise, extrapolation would
lead to the absurd situation in which the intake of a
digestible nutrient would be greater than the intake of
the nutrient itself (see Fig. 1d). Nevertheless, the models
used (Eqs. (20)–(22)) provided a good representation of
the behavior observed for nutrient and digestible nutrient
intakes.
Depending on parameter estimates for the asymptotic
behaviors of the intake of a nutrient and of the nutrient in
the feces, a linear increase in the intake of the digestible
nutrient is plausible for a given Lc range, as observed in
panels (d) and (e) of Fig. 1 and in panels (b) and (c) of
Fig. 2. Nonetheless, this model was only applied to
demonstrate the theoretical behavior of the variables
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“feeding level” as the ratio between gross energy intake
and fasting heat production, and, to build their model
based on nitrogen/energy metabolism of cattle, these
authors postulated that the digestibility or absorbability
of the feed protein or fat increases linearly as the “feeding
level” increases. For carbohydrates, depending on para-
meter estimates of the model proposed by Koong et al.
(1982), a curvilinear trend provides a possible solution and
might mimic the principle of diminishing returns that is
supported in Eq. (20). To some extent, Koong et al. (1982)
anticipated the intake behavior of digestible nutrients
observed in our study, that is, that the unit increase in
nutrient intake and in the digestible nutrient intake per
unit increase in the plane of nutrition (L¼ME=Mm) were
held constant within the observed Lc range (Figs. 1d, 1e, 2a,
2b, and 2c).
An interesting adjustment performed by the animals
was observed in the form of a significant linear increase
(Table 2) in FCP and DCP (Figs. 2a and 2b) despite the
different ½CP levels in the offered diets. Pittroff and Koth-
man (1999) have argued that protein might be the driving
force behind animals' feed-seeking behavior. Indeed, sev-
eral metabolites and hormones are candidate signals
molecules that regulate intake (Forbes, 2007); as a result,
the biphasic theory of intake regulation (Conrad et al.,
1964) has been put into question (Pittroff and Kothmann,
1999; Pittroff and Soca, 2006). Because ruminants can be
raised in facilities or on pastures (or both), important
differences in the feeding behavior can occur due to the
feed offered, thus limiting inferences from intake predic-
tions based on the biphasic theory of intake regulation
(Pittroff and Soca, 2006). The calculated MP : ME con-
straint, which was maintained approximately constant
across the offered diets, allowed predictable responses of
nutrient and digestible nutrient intakes for the controlled
feeding situation performed in the present study. The use
of the nonlinear optimization tool to balance the offered
diets based on the simple AFRC (1993) model appeared to
work adequately for a controlled feeding situation in
practice, as intake and digestibility of major nutrients
behave in accordance with the chemostatic regulation of
intake (Conrad et al., 1964; Mertens, 1987). This theory was
recently revisited and refined as the hepatic oxidation
theory of intake regulation (Allen et al., 2009). However,
the possibility of any circumstantial effects of MP and ME
on intake regulation should not be disregarded.5. Conclusions
The intake and digestibility of major nutrients providing
1.0 to 2.5 the metabolizable energy required at mainte-
nance inwethers behave in accordance with current theories
of intake regulation when the metabolizability of the dietary
energy and the metabolizable protein to metabolizable
energy ratio are held constant. This problem can be solved
as a nonlinearly constrained optimization problem of mini-
mum cost formulation of diets for ruminants. The major
advantage of the spreadsheet optimization is the possibility
of pooling the most accurate information gathered fromdifferent nutrition models that otherwise is not possible to
obtain with professionally programed software.
Despite the possible bias in the mean energy metabo-
lizability of the diets computed from tabular ½ME values in
the present study, the corrected metabolizability of the
dietary energy and the corrected plane of nutrition
behaved as planned. Therefore, the AFRC (1993) model
appears to yield both increasing curvilinear asymptotic
and increasing linear responses related to nutrient and
digestible nutrient intakes by sheep under a controlled
feeding situation.
Conﬂict of interest
There is no conflict of interest.Acknowledgments
This research was supported by Conselho Nacional de
Desenvolvimento Científico e Tecnológico – CNPq (Brazil),
process numbers 303869/2009-7 and 479593/2010-8, and
by Fundação Carlos Chagas Filho de Amparo à Pesquisa do
Estado do Rio de Janeiro - FAPERJ (RJ, Brazil), process
number E-26/110.231/2011. The first author thanks to
Coordenação de Aperfeiçoamento de Pessoal de Nível
Superior (CAPES, Brazil) for the fellowship granted.
References
AFRC, 1993. In: Energy and Protein Requirements of Ruminants CAB
International, Cambridge, UK.
Allen, M.S., 1996. Physical constraints on voluntary intake of forages by
ruminants. Journal of Animal Science 74, 3063–3075.
Allen, M.S., Bradford, B.J., Oba, M., 2009. The hepatic oxidation theory of
the control of feed intake and its application to ruminants. Journal of
Animal Science 87, 3317–3334.
AOAC, 1998. Official Methods of Analysis, 16th Ed. AOAC INTERNATIONAL,
Gaithersburg (4th revision).
Bazaraa, M.S., Shetty, C.M., 1979. In: Nonlinear Programming: Theory and
Algorithms. John Wiley & Sons, Inc., Singapore.
Blaxter, K.L., 1966. In: The Energy Metabolism of Ruminants Charles C.
Thomas, Springfield.
Blaxter, K.L., 1956. The nutritive value of feeds as sources of energy—a
review. Journal of Dairy Science 39, 1396–1424.
Blaxter, K.L., Clapperton, J.L., 1965. Prediction of amount of methane
produced by ruminants. British Journal of Nutrition 19, 511–522.
Brody, S., 1945. Bioenergetics and Growth. With Special Reference to the
Efficiency Complex in Domestic Animals. Reinhold Publishing Co.,
New York.
Burnham, K.P., Anderson, D.R., 2004. Multimodel inference: understand-
ing AIC and BIC in model selection. Sociological Methods and
Research 33, 261–304.
Cannas, A., Van Soest, P.J., Pell, A.N., 2003. Use of animal and dietary
information to predict rumen turnover. Animal Feed Science and
Technology 106, 95–117.
Conrad, H.R., Hibbs, J.W., Pratt, A.D., 1964. Regulation of feed intake in
dairy cows. I. Change in importance of physicalþphysiological factors
with increasing digestibility. Journal of Dairy Science 47, 54–62.
Eaton, H.D., Gosslee, D.G., Lucas, H.L., 1959. Effect of duration of experi-
ment on experimental errors in calf nutrition growth studies. Journal
of Dairy Science 42, 1398–1400.
Emmans, G.C., Kyriazakis, I., 1995. The idea of optimisation in animals:
uses and dangers. Livestock Production Science 44, 189–197.
Forbes, J.M., 2007. In: Voluntary Food Intake and Diet Selection in Farm
Animals. CABI.
Fox, D.G., Tedeschi, L.O., Tylutki, T.P., Russell, J.B., Van Amburgh, M.E.,
Chase, L.E., Pell, A.N., Overton, T.R., 2004. The Cornell net carbohy-
drate and protein system model for evaluating herd nutrition and
nutrient excretion. Animal Feed Science and Technology 112, 29–78.
J.G. Jardim et al. / Livestock Science 158 (2013) 106–117 117Henrique, D.S., Lana, R.P., Vieira, R.A.M., Fontes, C.A.A., Botelho, M.F., 2011.
A model for evaluating beef cattle rations considering effects of
ruminal fiber mass. Revista Brasileira de Zootecnia 40, 2538–2547.
Henrique, D.S., Vieira, R.A.M., Malafaia, P.A.M., Mancini, M.C., Gonçalves,
A.L., 2005. Estimation of the total efficiency of metabolizable energy
utilization for maintenance and growth by cattle in tropical condi-
tions. Revista Brasileira de Zootecnia 34, 1006–1016.
Hertzler, G., 1988. Dynamically optimal and approximately optimal beef
cattle diets formulated by nonlinear programming. Western Journal
of Agricultural Economics 13, 7–17.
Joyce, J.P., Bryant, A.M., Duganzich, D.M., Scott, J.D.J., Reardon, T.F., 1975.
Feed requirements of growing and fattening beef-cattle-New-Zealand
experimental-data compared with national research council (USA)
and agricultural-research council (UK) feeding standards. New Zeal-
and Journal of Agricultural Research 18, 295–301.
Koong, L.J., Falter, K.H., Lucas, H.L., 1982. A mathematical-model for the
joint metabolism of nitrogen and energy in cattle. Agricultural
Systems 9, 301–324.
Lasdon, L.S., Waren, A.D., Jain, A., Ratner, M., 1978. Design and testing of a
generalized reduced gradient code for nolinear programming. ACM
Transactions on Mathematical Software 4, 34–50.
Littell, R.C., Milliken, G.A., Stroup, W.W., Wolfinger, R.D., Schabenberger,
O., 2006. SASs for Mixed Models. SAS Institute Inc, Cary, USA.
Lucas, H.L., 1957. Extra-period latin-square change-over designs. Journal
of Dairy Science 40, 225–239.
Maynard, L.A., Loosli, J.K., Hintz, H.F., Warner, R.G., 1979. In: Animal
Nutrition. McGraw-Hill, Inc., New York.
McDonald, P., Edwards, R.A., Greenhalgh, J.F.D., Morgan, C.A., 1995. In:
Animal nutrition. Longman Scientific & Technical, Harlow.
Mertens, D.R., 2002. Gravimetric determination of amylase-treated neu-
tral detergent fiber in feeds with refluxing in beakers or crucibles:
collaborative study. Journal of the Association of Official Analytical
Chemists 85, 1217–1240.
Mertens, D.R., 1987. Predicting intake and digestibility using mathema-
tical models of ruminal function. Journal of Animal Science 64,
1548–1558.
Munford, A.G., 1996. The use of iterative linear programming in practical
applications of animal diet formulation. Mathematics and Computers
in Simulation 42, 255–261.
Neter, J., Wasserman, W., 1974. Applied linear statistical models. Richard
D. Irwin, Inc., Homewood.
NRC, 2007. Nutrient requirements of small ruminants. The National
Academies Press, Washington, DC.
Offner, A., Sauvant, D., 2004. Comparative evaluation of the Molly, CNCPS,
and LES rumen models. Animal Feed Science and Technology 112,
107–130.
Paladines, O.L., Reid, J.T., Van Niekerk, B.D.H., Bensadoun, A., 1964.
Relationship between the nitrogen content and the heat of combus-
tion value of sheep urine. Journal of Animal Science 23, 528–532.
Pittroff, W., Kothmann, M.M., 1999. Regulation of Intake and Diet
Selection by Herbivores. In: Jung, H.J.G., Fahey Jr., G.C. (Eds.), Nutri-
tional Ecology of Herbivores. Proceedings of the Vth International
Symposium on the Nutrition of Herbivores. ASAS, San Antonio.
pp. 366–422.Pittroff, W., Soca, P., 2006. Phisiology and Models of Feeding Behavior and
Intake Regulation in Ruminants. In: Bels, V. (Ed.), Feeding in Domestic
Vertebrates: from Structure to Behavior, CAB International, Wall-
ingford, pp. 278–301.
Schwarz, G., 1978. Estimating the dimension of a model. Annals of
Statistics 6, 461–464.
Street, J.C., Harris, L.E., Butcher, J.E., 1964. Estimating urine energy from
urine nitrogen. Journal of Animal Science 23, 1039–1041.
Tedeschi, L.O., Cannas, A., Fox, D.G., 2010. A nutrition mathematical model
to account for dietary supply and requirements of energy and other
nutrients for domesticated small ruminants: the development and
evaluation of the Small Ruminant Nutrition System. Small Ruminant
Research 89, 174–184.
Tedeschi, L.O., Cannas, A., Solaiman, S.G., Vieira, R.A.M., Gurung, N.K.,
2012. Development and evaluation of empirical equations to predict
ruminal fractional passage rate of forages in goats. Journal of
Agricultural Science 150, 95–107.
Tedeschi, L.O., Chalupa, W., Janczewski, E., Fox, D.G., Sniffen, C., Munson,
R., Kononoff, P.J., Boston, R., 2008. Evaluation and application of the
CPM dairy nutrition model. Journal of Agricultural Science 146,
171–182.
Tempelman, R.J., 2004. Experimental design and statistical methods for
classical and bioequivalence hypothesis testing with an application to
dairy nutrition studies. Journal of Animal Science 82, E162–E172.
Thiex, N.J., Anderson, S., Gildemeister, B., 2003. Crude fat, hexanes
extraction, in feed, cereal grain, and forage (Randall/Soxtec/Submer-
sion Method): collaborative study. Journal of the Association of
Official Analytical Chemists 86, 899–908.
Thiex, N.J., Manson, H., Anderson, S., Persson, J.-Á., 2002. Determination
of crude protein in animal feed, forage, grain, and oilseeds by using
block digestion with a copper catalyst and steam distillation into
boric acid: collaborative study. Journal of the Association of Official
Analytical Chemists 85, 309–317.
Undersander, D., Mertens, D.R., Thiex, N., 1993. Forage analyses proce-
dures, National Forage Testing Association, Omaha.
Van Soest, P.J., 1994. In: Nutritional Ecology of the Ruminant. Cornell
University Press, Ithaca.
Van Soest, P.J., Fox, D.G., 1992. Discounts for net energy and protein—fifith
revision. Proceedings of the 54th Cornell Nutrition Conference for
Feed Manufacturers. Cornell University Press, Rochester, NY, pp. 40–
68.
Vieira, R.A.M., Tedeschi, L.O., Cannas, A., 2008. A generalized compart-
mental model to estimate the fibre mass in the ruminoreticulum: 2.
Integrating digestion and passage. Journal of Theoretical Biology 255,
357–368.
Vieira, R.A.M., Campos, P.R.S.S., Silva, J.F.C., Tedeschi, L.O., Tamy, W.P.,
2012. Heterogeneity of the digestible insoluble fiber of selected
forages in situ. Animal Feed Science and Technology 171, 154–166.
Wolfinger, R.D., 1996. Heterogeneous variance: covariance structures for
repeated measures. Journal of Agricultural, Biological, and Environ-
mental Statistics 1, 205–230.
Wolfinger, R.D., 1993. Covariance structure selection in general mixed
models. Communication in Statistics—Simulation and Computation
22, 1079–1106.
